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Summary 
 
This project has studied fatigue properties of duplex stainless steel, for the laboratory of 
materials study of the Oslo University College. The task has been ordered by the 
Gudbrandsjuvet Bridge’s designers. The main aim is to obtain the characteristic fatigue 
curves of this metal. They are known as the S-N curves, representing in the vertical axis the 
Strength, and in the horizontal one, the Number of cycles. Thanks to them the fatigue 
behavior of the metal can be understood.  
The used samples have the same composition that the Gudbrandsjuvet waterfalls bridge, 
located north of Bergen, on the west coast of Norway. As the bridge is exposed to several 
external factors for example wind, sun, snow, people and rain, the bridge designers have 
asked Oslo University College to get more information about the reaction of this metal under 
these circumstances. However, the microstructure of Duplex Stainless Steel has very good 
corrosion resistance; this is the reason why the project only examines the mechanical 
effects.  
The way to solve the problem is to compare theoretical and experimental curves. The 
theoretical part consists of estimating curves. In order to make them, questionnaires have to 
be followed. The main part of the project consists in making two tests, axial fatigue tensile 
test and rotational bending fatigue test, in order to be closer to the reality. 
The structure of the report is based on three different parts. First of all, theoretical study has 
to be done in order to have more knowledge about duplex stainless steel and fatigue. Then, 
a presentation of the processes and of theoretical and experimental results will be shown. 
Finally, in order to find out the solutions that are asked, the results have to be discussed.  
 
  
12 
 
1. Theory 
1.1. Duplex stainless steel 
A duplex alloy is defined as one that contains a two-phase structure present in significant 
quantities; about equal proportions of ferrite and austenite. As a result, duplex stainless 
steels display properties characteristic of both austenitic and ferrite stainless steels. This 
combination of properties can mean some compromise when compared with pure austenitic 
and pure ferrite grades. This particular composition confers to it a high resistance to 
corrosion and high strength also a good workability. 
1.1.1. History 
The first reference of duplex stainless steel appears around 1930 in Sweden. It was used in 
the sulfite paper industry to combat corrosion problems caused by hydrochloric acid and 
other aggressive process fluids. This grade was produced in Finland, and has demonstrated 
that it had a better resistance to chloride-stress cracking than a fully austenite 
microstructure. Then in France has been developed a special grade called Uranus 50 (20-35% 
of ferrite) which were used in many industries and product as pharmaceutical, forging, oil 
refinement or food processing. However, these first generations of Duplex Stainless Steel 
gave good performance but had some limitations especially for the development of edge 
cracks and in the as-welded conditions.  
During the late 1960s and early 1970s, there were two main factors which accelerated the 
development and use of duplex alloys. First, there was a nickel shortage that raised the price 
of austenitic steels, in combination with increased activity in the offshore oil industry which 
demanded a stainless steel material able to work in aggressive environments. Second, steel 
production techniques improved dramatically with the introduction of the vacuum and 
argon oxygen decarburization (VOD and AOD) practices. These techniques made possible to 
produce cleaner steels with a very low carbon level and well controlled nitrogen content. In 
the 70’s, the introduction of continuous casting in stainless steel production has contributed 
to lower production costs and higher quality. 
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1.1.2. Composition 
Even if duplex stainless steel owns very strong characteristics as a metal, we can use it as an 
alloy.  Indeed, by adding some compounds we can easily improve some of its properties. 
Here is an overview of the main additives mixed with duplex stainless steel. 
- Chromium 
Chromium is added within a certain proportion with duplex stainless steel, in order to 
improve the localized corrosion resistance. It happens thanks to the formation of a 
chromium-rich oxy-hydroxide film. Conversely, if too much chromium is present, it will lead 
to reduce ductility, toughness and corrosion properties, because of the precipitation of 
intermetallic phases. By its high properties, duplex stainless steel with a high level of 
chromium is called super duplex. 
- Molybdenum 
As Chromium, molybdenum influences the corrosion resistance the duplex stainless steel, 
especially in chloride solutions. It permits to suppress active sites via formation of molybdate 
ion. Adding of molybdenum is usually used in offshore industry because in high temperature 
sea water, the addition of at least 3% Mo permits to prevent crevice corrosion. 
- Nickel 
As we have seen before, duplex stainless steel is metal including two significant parts of 
ferrite and austenite. Depending on the proportion of these two microstructures, the 
properties of the metal can change a lot. That is the reason why the manufacturer, use some 
additives in order to have the proportion expected. For example, add nickel gives the 
possibilities to control phase balance and element partitioning. 
- Copper 
Copper additions to stainless steel are recognized to reduce the corrosion rate in non-
oxidizing environments, such as sulfuric acid. In some duplex alloyed 1.5% Cu is added to 
obtain the optimum corrosion resistance. In general, the addition of Cu to duplex stainless 
steels is limited to 2%, because higher levels reduce hot ductility. 
- Nitrogen 
Nitrogen has the faculty to increase the austenite content and the strength. Indeed, it is a 
strong austenite former and largely responsible for the balance between ferrite and 
14 
 
austenite phases (which play an important role for many properties). It can also be lost from 
molten parent metal during welding. Its loss can lead to high ferrite and reduced corrosion 
resistance. Nitrogen can be added to the shielding gas and backing gas, up to about 10%; 
however this makes welding difficult as it can cause porosity and contamination of the 
Tungsten electrode unless the correct welding technique is used. Too much Nitrogen will 
form a layer of Austenite on the weld surface.  
As you can see the majority of the additives are used in order to improve the corrosion 
resistance, especially because the mechanical properties of duplex metals are higher than 
the other metals. 
1.1.3. Properties 
- Mechanical properties 
As the duplex stainless steel is a mixture of austenite and ferrite, their physical properties 
would lie between the comparable properties of these microstructure. The different grades 
of duplex have significantly better toughness and ductility than ferrite grades; however, they 
do not reach the excellent values of austenitic grades. Nevertheless, duplex stainless steels 
are about twice as strong as regular austenitic or ferrite stainless steels. That is why money 
can be saved by using thinner-walled sections for piping and equipment.  
- Corrosion 
Duplex stainless steels generally have similar corrosion resistance to austenitic alloys except 
they typically have better stress corrosion cracking resistance. 
- Forming 
Thanks to their uncommon structure, made with about 50% of ferrite and 50% of austenite, 
it tends to duplex stainless steel, that it can be easily hot formed above 950°C. As with this 
kind of temperature, duplex can be very easily deformed, precautions have to be taken in 
order to avoid creep during the heat treatment. Indeed, creep can create irreversible 
deformation. Even superplastic behavior can be reach above 900°C. 
- Price 
Duplex stainless steels have lower nickel and molybdenum contents than their austenitic 
counterparts of similar corrosion resistance. Due to the lower alloying content, duplex 
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stainless steels can be lower in cost, especially in times of high alloy surcharges. Additionally, 
it may often be possible to reduce the section thickness of duplex stainless steel, due to its 
increased yield strength compared to austenitic stainless steel. The combination can lead to 
significant cost and weight savings compared to a solution in austenitic stainless steels. 
1.1.4. Applications 
As we have seen before, the main characteristic of duplex stainless steel is the corrosion 
resistance. That is why; this metal is very useful in many sectors with acid environment. 
Today duplex family represents about 1% per cent of the total stainless steel market, and an 
annual growth of 10% is expected. 
- Oil and Gas 
The use of duplex alloys for offshore applications started in the 
seventies with the developments of the North Sea. The corrosion 
conditions of this region negated the use of carbon steels and led 
to the selection of stainless steels. In particular due to their high 
strength and good corrosion resistance, duplex grades have 
become useful in high pressure system as vessels and pipework.  
- Marine transportation 
Austenitic stainless steel has been used for transporting chemicals and chemical products 
since the sixties. At the beginning of the eighties, duplex became a good alternative, 
particularly as their high strength to weight ratio, permits to maximize cargo capacity by 
reducing in wall thickness. It is estimated that the use of duplex alloys instead of austenitic 
alloy can save about 10% of the tank system weight. With the improvement in corrosion 
field, the cargoes carried by duplex chemical tankers range from fish oil, methanol to 
phosphoric acid. 
- Automotive industry 
Stainless steel is gaining increased interest from the automotive industry. The reason is the 
favorable combination of high strength and formability that many duplex stainless steel 
grades provide. With a high energy absorption in crash situation added to this property 
combination, duplex stainless steel can offer unique design opportunities for the automotive 
Pict. 1: Vessels 
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industry, opportunities that have just started to be explored. Lean duplex steels are the 
favorite because of their low cost. 
- Desalination plants 
There are different techniques to desalt water, the most used are distillation and reverse 
osmosis. Nevertheless, these technologies requires high alloyed grades, with high cost 
elements such as nickel and molybdenum, in order to support the high pressure in the 
seawater plants. That is why, the producer of desalination plants decided to look for more 
effective options and duplex stainless steel with a high degree of chromium (super duplex 
stainless steel) has been proved as a very good alternative. 
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1.2. Fatigue 
The first thing that has to be understood, before going deeper in the field of the fatigue, is 
the importance of mechanical failures. Concretely, in this case, it is important knowing and 
understanding the mechanical failure modes of metals.  
At this point two groups of mechanical failures can be made. This differentiation is the same 
for the two types of design. The first group contains all the classic design, such as excess 
deformation, ductile fracture, brittle fracture, impact or dynamic loading, creep, relaxation, 
thermal shock, wear, buckling and stress corrosion cracking. The second one contains only 
one kind of mechanical failure explaining all new design criteria. This mechanical failure 
mode is the fatigue, containing all the relation and combination with all the several modes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Pict. 1 Fatigue Pict. 2: Characteristic fatigue fail 
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1.2.1. Classic Design 
In this part a little bit of all the modes that are involved in the classic design criteria are 
explained. 
- Mechanical failure Modes of Metals 
The most studied criteria is excess deformation. Failure by excess deformation may also be 
elastic, such as in rotating machinery, where seizure can occur. The excess deformation is 
defined with key words like elastic, yielding or onset of plasticity. Of course, if it is talked 
about elasticity, it cannot include a real failure, unless if it is worked on the edge of very 
fragile materials where the elastic field is nonexistent, like ceramic materials. But in the case 
of metals, the excess deformation is only in the field of plasticity where deformations are 
beyond repaired.  
Ductile and brittle are two kinds of fractures. The first one is characterized by involving 
substantial plasticity which means a high-energy absorption (Pict.3). This fracture occurring 
primarily by micro void coalescence formed at inclusions and most times secondary phase 
particles. On the other hand, brittle fracture is more dangerous than ductile, because 
involves a very high crack growth velocity during fracture (Pict.4). This is a consequence of 
this kind of fracture because it contains little macro or micro plasticity and involves low-
energy absorption. 
                            
Pict. 3: Example of Ductile Fracture Pict. 4: Example of Brittle Fracture 
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The impact or dynamic loading is assimilated as excess of deformation or fracture. It creates 
high strain rates in metals that tend to cause lower tensile toughness, fracture toughness 
and ductility. There are two mechanical failure modes that can be explained together. Creep 
and relaxation of metals are more predominant at elevated temperatures. The first one can 
cause significant permanent deformation and fracture, usually intercrystalline. Relaxation is 
primarily responsible for loss of residual stress and loss of external load that can occur in 
bolted fasteners at elevated or ambient temperature. The temperature affects to metals but 
it can promote cracking and brittle fracture. In these cases it is called thermal shock. One of 
the most generals failure modes is the wear, it includes many different crack nucleation and 
crack growth behaviors at all temperatures. Buckling (Pict.5) is a failure mode characterized 
by a sudden failure of a structural member subjected to high compressive stresses, where 
the actual compressive stress at the point of failure is less than the ultimate compressive 
stresses that the material is capable of withstanding. It can be elastic or plastic behavior.   
 
One big group is the corrosion because there are a lot of kinds of corrosion. But by itself 
involves pitting and crack nucleation. In addition if there are residual stresses it can produce 
crack growth. 
  
Pict. 5: Buckling in column 
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- Linear Elasticity, Hooke's Law, and Poisson's ratio 
These three concepts explain, at least, all the theory about the classic design. Of course not 
at all, but they are the basis of the classic design based on the elastic region of the materials. 
Many structural materials, most metals and the other, behave both elastically and linearly 
when first loaded. Consequently, their stress-strain curves begin with a straight line that 
explains this behavior. This linear relationship is known as Hooke's Law. It can be expressed 
by the equation, 
   
σ = axial stress   (MPa) 
E = Young Module  (MPa) 
ε = strain of the material (dimensionless) 
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The terms of this equation can be obtained from a tensile test. The results of this experiment 
are reflected in the stress-strain diagram. Below there is an example of stress-strain diagram 
in the Pict.6. 
  
Pict. 7: Example of Stress-Strain Diagram 
         Pict. 6: Stress-Strain Diagram 
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In this project the first test is a tensile test in order to obtain the valor of the ultimate 
strength of the material that we are studying, the duplex stainless steel. The ultimate 
strength is also called Rm. in previous projects the results were around 1000 N/mm
2.  
There is another effect in a tensile test. When a prismatic bar is under an axial tension 
process at the same time that is an elongation, there is a lateral contraction. The lateral 
strain (with the symbol ’) is proportional to the lateral strain  at the same point if the 
material is linearly elastic. In this case the duplex stainless steel it is. The ratio of these 
strains is a property of the material known as Poisson’s Ratio. The expression of this ratio is: 
 
We can observe that this ratio is dimensionless because is a ratio between strains. 
However, usually how the Poisson’s ratio is a property of the material we can express this 
equation in other way in order to find the lateral strain. Finally this expression can be 
expressed as follows: 
 
 
Pict. 7 Poisson's Effect 
This part of the report was a little introduction about the elasticity of the materials. Is 
included because it is not possible to understand the design with fatigue if before there is 
not a knowledge of classic design i.e. the elasticity of the materials.   
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1.2.2. Fatigue 
Is known that a failure can mean that a really injure is done. But at the same time, it is an 
expensive cost. For example, a comprehensive study of the cost of fracture in the United 
States indicated a cost of $119 billion (in 1982 dollars) in 1978 that is the same as 4 percent 
of the gross national product. It could be significantly reduced by using complete fatigue 
design. Now it is explained how to design under fatigue situations.  
After start to design in base a fatigue, some “dos and don’ts” have to be known. These are 
the following statements: 
- Do recognize that fatigue failures are the most common cause of mechanical failure 
in components, vehicles, and structures and that these failures occur in all the fields 
of engineering 
- Do recognize that proper fatigue design methods exist and must be incorporated 
into the overall design process when cycling loadings are involved. 
- Do not rely on safety factors in attempting to overcome poor design procedures. 
- Do consider that good fatigue design incorporates synthesis, analysis, and testing. 
- Do consider that fatigue durability testing should be used as a design verification 
tool rather than a design development tool. 
- Do not overlook the additive or synergistic effects of load, environment, geometry, 
residual stress, time, and material microstructure.  
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- Fatigue design criteria 
There are four fatigue life models. Every of them is part of the criteria of fatigue design. Each 
of developed criteria still has its place; it only depends on the application. These four life 
models are (in order to have been nominated): 
1. The nominal stress-life (S-N) model, formulated between the 1580s and 
1870s. 
2. The local strain-life ( -N) model, formulated in 1960s. 
3. The fatigue crack growth (da/dN-∆K) model, also formulated in the 1960s. 
4. The last one is the combination of models 2 and 3 to incorporate both 
macroscopic fatigue crack formation (nucleation) and fatigue crack growth.  
 
Fatigue design criteria can be divided in four criteria. The first one is infinite-life design. It is 
the oldest, and to be applied it requires strains or stresses only in the elastic limit, under the 
pertinent fatigue limit. On the other hand it is used in parts that are subjected to a millions 
of cycles.  
The practice of designing for a finite life is known as safe-life design, this is the second 
criteria. It is used in most of the industries. The calculations are based on stress-life, strain-
life, or crack growth relations. The margin for safety in this criteria design may be taken in 
terms of life (e.g. calculated life= 20 x desired life), in terms of load (e.g. assumed load= 2 x 
expected load), or by specifying that both margins must be satisfied. This method can be 
expensive, because extra metal can be used unnecessary.  
Following with the design based in safe-life design, if a component of a structure fails, all the 
structure must be changed. This practice is costly and wasteful as well. Thus fail-safe fatigue 
design criteria were developed by aircraft engineers. Fail-safe design requires that if one part 
fails not all the system collapses. It recognizes that fatigue cracks may occur, and structures 
are arranged so that cracks will not lead to failure of the structure before they are detected 
and repaired.  
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The last one is a refinement of the third one; it is named damage-tolerant design. It consists 
in assuming that cracks will exist, caused either by processing or by fatigue, and uses 
fracture mechanics analyses and tests to predict whether such cracks will grow large enough 
to produce failures before they are detected by periodic inspection. Three keys are required 
to have a successful damage-tolerant design: residual strength, fatigue crack growth 
behavior, and crack detection involving nondestructive inspection.    
 
- Graphical representation of the fatigue 
 
It is important to know how the fatigue is represented in a graphic. In the following picture 
all the necessary terms are explained. The curve represents the cycling stress applied to the 
sample till it breaks.  
 
 
 
 
 
 
 
 
σmax = Maximum stress   C = one stress cycle 
σmin = Minimum stress   ∆σ = Stress range 
σm = Mean stress 
  
Pict. 8: Fatigue graphic representation 
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2. Estimate the fatigue curves 
After getting the theoretical knowledge about the steel and fatigue, it is possible to go on 
with the curves. But to have a point of departure it is necessary to estimate one. 
2.1. Theoretically way of making the curve 
The first step on the way to get the graph is to calculate the endurance limit of the specific 
kind of steel. As the duplex stainless steel has strength around 1000 N/mm2, this formula has 
to be used:  
  Se’ = 0,5 * Rm    for Rm < 200 kpsi (1400 MPa) 
  Se’ = 100 kpsi (700 MPa) for Rm > 200 kpsi (1400MPa) 
This is just a fictive factor, that the points can be assessed. 
The used formula for this is: 
Se = Cload * Csize * Csurf * Ctemp * Creliab * Se’ 
The several coefficients can be calculated by different ways. These are shown by the next 
lines. 
- Loading Effect  
There are two different values for the Cload.  
Bending:    Cload = 1 
Axial loading:    Cload = 0.7 
- Size Effect 
The diameter of the sample has also a consequence on the results. So there are different 
ways to calculate the correction factor. 
For d < 8 mm     Csize = 1 
For 8 mm < d < 250 mm  Csize = 1.189 * d
-0.097 
For d > 250 mm   Csize = 0.6 
As the samples are cylindrical these are the needed formula. 
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- Surface Effect 
There are different ways of getting to this data, which are invented by Juvinall, R. C. Johnson 
or Shigley and Mischke. 
At Juvinall’s way either the tensile strength or the Brinell hardness are needed, as well the 
way the sample has been finished. In the end the data is found in a tabulation plant. R. C. 
Johnson has a similar way, but the average surface finish and the “Rm” are necessary. 
There is also one, which is developed by Shigley and Mischke. They suggest using an 
exponential of the form 
 Csurf = A* (Rm)
b   if Csurf > 1.0, set Csurf = 1.0 
Then the different factors “A” and “b” are shown in a specific index. Both data depended on 
the way the samples are produced. 
- Temperature Effect 
As most fatigue tests are done at room temperature, there is no effect on this factor. The 
factor has to be calculated at a temperature above 450 degrees Celsius. 
For 450°C < T < 550 °C:  Ctemp = 1-0.0058*(T-450) 
For T <450°C    Ctemp = 1 
- Reliability 
The data are based on mean values. So there are some samples under these. It is important 
to reduce the data that the failure rate is very low. 
- Create the curve 
For the curve the “Rm”, “Se“ and the “Sm” are needed.  
First of all Sm, there are 2 ways of getting it. 
Decide if it is bending or axial loading. 
 Bending:  Sm = 0.9 * Rm 
 Axial Loading:  Sm = 0.75 * Rm 
“Sm“ shows the strength at a number of 10
3 cycles. 
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After this, the “Se” is needed. You get it by using the correction factors, which are calculated 
in above. That is the point, where 106 cycles are made. 
Se = Cload * Csize * Csurf * Ctemp * Creliab * Se’ 
The “Rm” is given by the static strength test, described in chapter 2.2. 
To take a look on the needed points, a chart is very useful. 
 Unwelded Welded 
Rm   
Sm   
Se   
 
With that help it is easy to create the graph, just putting the stress value on the y-axis and 
the number of circles on the x-axis. The unit of stress is “MPa” and of the number of cycles is 
without any unit.  
 
Curve.  1: Example 
1
10
100
1000
1E+00 1E+01 1E+02 1E+03
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2.2. Static strength test 
One object of the project is to estimate a fatigue curve. For this graph several point are 
needed, one of them is the tensile strength, called “Rm”, which is the point of departure for 
the fatigue curve that you can get from existing data or do test by your own.  
During the test the load on the sample grows all the time till it breaks. The exemplar 
elongates, too. Both quantities related to each other shows this graph. 
The static strength test shows the several 
behaviors of testing materials. In the beginning 
the elastic is shown, that is up to point A, called 
“Rp0,2”. After this, the plastic deformation is 
starting. Point C shows the “Re”. The offset yield 
strength is the item, as the metal or other 
materials start to elongate. As the load grows 
the extension is getting more and more, up to 
the tensile strength. At “Rm” it starts to yield 
and the strain decreases also. The graph ends at 
the fracture point as the specimen breaks.  
The samples have to be prepared for the test. On one hand it has to fit in the holder and on 
the other the diameter must be small enough, that the testing machine can destroy it. Our 
sample has a diameter of 14mm as well the tester has a power of 250 kN. In the reports of 
the EPS-group Spring 2009 we found a data of about 1000 N/mm2. The machine can test to 
1275 N/mm2 with our diameter of 14 mm. 
As there is one welded and one unwelded sample, the existing data is just proved. For 
making a new graph, much more tests have to be done, which are really expensive. Having 
also some information about the static tensile strength from the EPS-groups last year, it is 
aligned and seems to be the same result.  
Rm is about 989 MPa and Rp0,2 is 841 MPa from the unwelded specimen. As well the welded 
one has the Rm about 808 MPa and the Rp0,2 about 587 MPa. Both have also different 
elongations, the unwelded is about 23 % and the welded one 8,9 %. But the modulus of 
elasticity is nearly the same, about 157000 MPa. 
                Pict. 8: graph of the static strength test 
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The two have also total several behaviors before they break. The welded one reduces the 
diameter only a bit, but the unwelded reduces to halve. It is because of the higher ductility 
before the welding process, during it there intermetallic phasing are built, which constrict 
the current of the material.  
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2.3. Unwelded samples 
As the needed results are available now, the graph can be calculated. The way of doing is 
described in a former chapter, so as it tells the “Rm” is used, being the point of departure 
from the graph. The second value is called “Sm” and the last one is “Se”. 
“Rm“is about 990 MPa, that is the result of the static strength test. 
“Sm” is “Rm“ multiplied with either 0.9 (bending) or 0.75 (Axial loading) 
Out of this formula the “Se” is gotten:  
Se = Cload * Csize * Csurf * Ctemp * Creliab * 0.5 * Rm 
 Axial Bending 
Rm 990 MPa 990 MPa 
Sm 742 MPa 890 MPa 
Se 162 MPa 231 MPa 
Cload 0.7 1 
Csize 0.920 0.920 
Csurf 0.725 0.725 
Ctemp 1 1 
Creliab 0.702 0.702 
Table.  1: Results of theoretic study for unwelded samples 
 
Curve.  2: Theoretical Unwelded Fatigue Curves 
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2.4. Welded samples 
As the needed results are available now, the graph can be calculated. The way of doing is 
described in a former chapter, so as it tells the “Rm” is used, being the point of departure 
from the graph. The second value is called “Sm” and the last one is “Se”. 
“Rm“is about 990 MPa, that is the result of the static strength test. 
“Sm” is “Rm“multiplied with either 0.9 (bending) or 0.75 (Axial loading) 
Out of this formula the “Se” is gotten:  
Se = Cload * Csize * Csurf * Ctemp * Creliab * 0.5 * Rm 
 Axial loading Bending 
Rm 808 MPa 808 MPa 
Sm 606 MPa 727 MPa 
Se 140 Mpa 200 MPa 
Cload 0.7 1 
Csize 0.920 0.920 
Csurf 0.765 0.765 
Ctemp 1 1 
Creliab 0.702 0.702 
Table.  2: Results of theoretic study for welded samples 
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Curve.  3: Theoretical Welded Fatigue Curves 
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3. Experiments 
According to the estimated curves the fatigue tests can be done. These curves give a point of 
departure to start the first experiments. 
3.1. Axial fatigue test 
First the tensile fatigue test is done, to get the knowledge about the behavior of the metal. 
Later do as well the bending test was carried out. 
3.1.1. Preparation 
After the calculation and the theoretical researches, the tests have to be prepared. First the 
needed diameter of the samples is discussed, after this the shape of them is described.  
To prepare the samples for the testing machine, the data of the testing machine is needed. 
This has a maximum power of 25000 N, but in the dynamic testing the power it should be 
about 24000 N. If there is no load on it, the grip will be lost. So the load should be around    
10 % of the used strain. As more different tests were done, the load was different in 
different experiments.  
The load range is the difference between the maximum and the minimum load. The stress 
ratio is also different. To get this, it is just maximum load divided by minimum. The applied 
stress inside the sample is calculated by using a common formula. 
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The needed factors are load (P) and area (A), their units are Newton (“N”) for load and 
square meter (m2) for area. The stress ( ) is the quotient out of load and area and its unit is 
“N/mm2” or “MPa”. 
Test max load (MPa) min load (MPa) load rage (MPa) frequency (Hz) stress (MPa) 
1 24.000 2.000 22.000 10 706,11 
2 20.000 1.500 18.500 10 593,77 
3 24.000 2.000 22.000 10 498,23 
4 21.500 1.500 20.000 10 452,94 
5 21.500  1.500 20.000 10 452,94 
6 21.500  1.500 20.000 10 452,94 
Table.  3: Data for the fatigue tests 
For the first tests we decided to be brief under the tested yield strength of the specimen.  
The aim has been to come close to “Sm”, the first point on the graphs. But the samples broke 
very fast and it was unclear if there was a fatigue break or just a forced fracture. To be sure 
to get a fatigue crack, the stress was reduced for the next tests. 
The frequency, so cycles of load per second, is not important, but it should be not over         
10 Hertz, otherwise the material gets warm and the strength is decreasing heavily. The 
material is normally not used under these circumstances, so this can be discarded. 
The main diameter of the test item was decided as 7.5 mm, so that the maximum load of the 
test equipment applies a stress of about 500 MPa. The former strain tests show that the 
samples normally break at around 100.000 cycles. (“Duplex stainless steel; microstructure, 
properties and applications”, Robert N Gunn; page 69)  
Thanks to the turning centre, the specimens were produced. As the duplex stainless steel 
has a very high strength (Rm is about 1000 MPa), the cutting speed has to be reduced 
enormously. It was only around 50% of the normal speed of this machine.  
However the shape of the specimen is also different. The first two have a notch, which is 
used as a starting point for the crack. The stress is especially high there, so it was possible to 
see how long it would take from the starting of a crack till it breaks. As the notches were 
really big, the diameter decreased to 6.5 mm. So it was decided to make smaller starting 
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points for the following samples. A file stroke was used to help start a crack without 
decreasing the diameter. So we get good results for this diameter as well. This method was 
used during tests 3 to 6.  
Welded specimens are tested, too. As they have been turned as well, the starting cracks, 
caused by the welding, are removed. More or less these were treated as unwelded ones. 
Both welded as well as unwelded specimens were marked for further analysis. There can be 
anything changed in the microstructure as well.  
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3.1.2. Process  
One of the most important parts of the test process was to prepare the samples in order 
that they could be put into the both fatigue machine. Here are the different steps which 
have been done in order to prepare the samples 
 
First the diameter has been reduced with a turning center. In 
order to, get the expected size. 
 
 
 
 
Then, as the length of the samples was too big for the 
clapping unit, they had to be cut with a saw. 
 
 
 
The machine is launched, as it works with hydraulic pressure, 
the beginning can be slow. The tare of the pressure and of the 
length has to be done.  
 
 
 
 
 
Finally, the sample is put in the clapping units. And the different 
parameters have to be choosing (such as the frequency, the load…) 
via the computer. And the test can be launch.  
Pict. 9: Process.1 
Pict. 10: Process.2 
Pict. 11: Process.3 
Pict. 12: Process.4 
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3.1.3. Results 
Here are the results from the tests. 
Test 
max load 
(Mpa) 
min load 
(Mpa) load rage (Mpa) 
frequency 
(Hz) 
stress 
(Mpa) 
cycles 
(n) 
1 24.000 2.000 22.000 10 706,11 24.500 
2 20.000 1.500 18.500 10 593,77 18.982 
3 24.000 2.000 22.000 10  498,23 68.256 
4 21.500 1.500 20.000 10  452,94 459.192 
5 21.500  1.500  20.000   10 452,94 38.289 
6 21.500  1.500  20.000  10 452,94 102.469 
Table.  4: Results from fatigue tests 
As test number one to four are done with unwelded specimen, seeing that with a lower 
stress having a higher amount of cycles. In comparison to the welded samples in test five 
and six they have also higher resistance against the break.  
 
Curve.  4: Results from fatigue tests 
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3.2. Rotational bending test 
As the first experiment is finished, the second one can be started. 
3.2.1. Calculations 
In this part the calculations to prepare the samples will be explain. 
 
In this case, the term about the axial strength can be omitted. Because the stress produced 
by P is too little in comparison with the strength that makes the bending (Mf). In order to 
find which diameter has to be used the only term takes into account is . 
 
 
 
  
 
 
 
 
  
 
  
Pict. 13: Bending test sketch 
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3.2.2. Cancelation  
Even though the main aim of the project was do two test, one axial and the other bending, 
the second one was cancelled during the project. The causes of this are explaining below: 
1- The main reason to cancel this test was a problem with the grip unit. The diameter of 
the samples before turning was 14 mm. As the clapping unit of the rotational bending 
test machine could only support a diameter of 15 mm, it was chosen to cancel this 
test. And it was not possible to get bigger samples within the time. The other way 
could be to buy a new grip unit, but this would be very expensive and it takes also too 
much time.  
2- The second reason was that this time would be the first in doing this test. The 
responsible of the tests did not know how long it could take. So this reason helped to 
decide the cancelation of it.  
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4. Discussion 
As the laboratory of material study from the OUC does not have the right microscope to 
analyze the samples, they have been sent to the Vestfold University College. 
4.1. Microstructure 
After the tests, the fracture surface can be analyzed. Therefore pictures are made from a 
TEM, which show the fatigue behavior. 
This magnification is not so high, just 42 times. But there is also something to see. In the left 
side is the rest 
break. As well in 
the middle is the 
fatigue lines 
expected. But this 
is better to see in 
pictures following 
later. On the right 
side there is the 
forced fracture that 
is where the crack 
starts. 
 
Here the grind lines are possible 
to see. They appear when the 
load is one place to high and the 
metal is destroyed there. Each 
cycle a new one appears and the 
specimen gets more and more 
weak.  
Pict. 14: Microstructure.1 
Pict. 15: Microstructure.2 
Fatigue lines 
Forced fracture 
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This picture shows the rest fracture of the fatigue break. It shows the typical 45 degree 
angles, which appears when there is an overload breakage. 
  
Pict. 16: Microstructure.3 
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4.2. Welding cracks  
Welding metallurgy has played a key role in the alloy development of duplex stainless steels. 
The first grades, created a carbide precipitation because of the high level of carbon, which 
tented to a loss of corrosion resistance, especially in the welding zone. But now, with a 
better mastery of the alloys (for example add of nitrogen), the new grades of duplex 
stainless steel owns a better weld ability. 
Most of the duplex grades are used in a hostile environment. This kind of ambiance present 
in oil and gas or chemical industry, can attack the metal and create cracks. The cracks are 
one of the most weaknesses for metals even for duplex stainless steel. Indeed, the material 
tends to be more sensitive to attacks and reduce its lifetime. That is the reason why the 
welding process has to take care of it. 
- Cracks: 
A crack is a fracture characterized by a high ratio of length and width to opening 
displacement. Cracks can form due to fatigue, or they can exist as a consequence of 
manufacturing processes such as deep machining marks or voids in welds and metallurgical 
discontinuities such as foreign particle inclusion. 
  
43 
 
- Cracks growth: 
Crack growth can be difficult to predict and measure the local stresses at the crack tip. 
Indeed it depends also on several factors such as: 
- The maximum and minimum value of the stress intensity during the lading cycle 
- The ratio of the minimal and maximal stress factors 
- The history of the loading, for example the frequency of cyclic loading, amplitude 
of the loading 
- Environmental factors, such as corrosion, temperature… 
Many observations revealed that 
fatigue crack growth does not occur 
on each cycle loading and that 
fatigue crack growth consists of three 
steps:  
- Changes in materials, just 
ahead of the fissure 
- The crack lengthens 
- Crack arrest occurs 
 
 
- Crack propagation in 
weldments: 
It has been recognized that a large proportion of the total fatigue life of a welded structure is 
usually spent on propagation of crack. That is the reason why, the prediction of fatigue life of 
weldments has to be based on the crack growth in the highly stressed region, near the weld. 
As the cracks are present in three dimensions, a three dimensional stress analysis has to be 
done. Such calculations are complicated. Indeed, the stress-intensity factor for a crack in a 
welded joint depends on the global geometry of the joint, the weld profile and the type of 
loading. Besides, all the parameters which had been chosen for the weld are needed, such as 
the weld thickness, weld angle or loading system. 
Pict. 17: evolution of crack growth, according to the 
number of cycle 
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- Welding fails 
In theory the fatigue behavior of a welded sample, on which the starting cracks are removed, 
should be the same. But as shown in the tests there are some welding fails, these are 
explained in chapter 4.3. Then the lifetime of the specimen is decreased enormous.  
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4.3. Fatigue behavior 
In this part of the discussion the fatigue behavior is analyzed for every sample. At the same 
time, with the results from tests, one decision will be taken, deciding if it is fatigue or not. 
Nevertheless, the final decision will be taken after that a comparison between results of the 
table below and its analysis, and on the other hand the pictures from the microstructure 
after the broke.   All the results are showed in the next table. 
 
Test 1 
- The sample used in this test is drawn in the sketch number two (see annexes page 
51). For this test the stress is higher than the recommended value that is around 500 
MPa. As the stress is around 700 MPa and the low number of cycles can be concluded 
that this sample was broken by axial strength and without fatigue.   
Test 2 
- As the first test, this sample had a notch, too. Its drawing is sketch number three (see 
annexes Page 52). Contrary to the first one, the stress and the load rage are lower. It 
means that, in theory this sample should work under fatigue conditions, following 
advices from books (see references Page 55). However, it broke before the first one 
that was not expected. The main reason of this brake could be caused by a fail in its 
microstructure.  
  
Sample Test 
max load 
(Mpa) 
min load 
(Mpa) 
load rage 
(Mpa) 
frequency 
(Hz) stress (Mpa) cycles (n) 
unwelded with notch 1 24000 2000 22000 10 706,11 24500 
unwelded with notch 2 20000 1500 18500 10 593,77 18982 
unwelded starting crack (big) 3 24000 2000 22000 10 498,23 68256 
unwelded starting crack (small) 4 21500 1500 20000 10 452,94 459192 
welded starting crack (small) 5 21500 1500 20000 10 452,94 38289 
welded starting crack (small) 6 21500 1500 20000 10 452,94 102469 
Table.  5: Results from fatigue tests, with all data 
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Test 3 
- This third test used an unwelded sample as well, but it was decided with the 
supervisor and the responsible of the laboratory, to make a big starting crack made by 
a file. This starting crack is not a notch, so it does not have drawing. As a result the 
sample broke around 68.000 cycles. A big difference with the samples that had a 
notch. This test was in condition of fatigue in the terms of stress, and with the 
starting crack one of the conditions of fatigue behavior is achieved. So if the results 
are analyzed, and taking into account the size of the starting crack, a fatigue break is 
concluded.  
Test 4 
- The last unwelded sample was tested around 450 MPa, and the start crack point was 
smaller than the last one. It broke after 460.000 cycles. It means without any doubt 
that is fatigue.  
Test 5 
- The two final samples which have been tested were welded. The stress was the same 
than the last one, 450Mpa. Also it had the same starting crack point. It broke after 
38.000 cycles. It was not common, and after taking out the sample from the testing 
machine a big hole in the middle of the sample was found. That can explain the low 
number of cycles.  
Test 6 
- The last sample tested was under stress of 450Mpa and the starting crack point was 
the same as well. It broke after around 100.000 cycles so it means fatigue behavior.  
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4.4. Correction of the curve 
To compare the different graphs, both results have to put together. In final there are two 
different curves, one for the welded and also one for the unwelded. First the unwelded one 
is shown. 
There it is shown that both are very similar in the beginning. They split at around 1000 
cycles, the estimated one increases more than the testing results. The approximated graph 
increases straight down to around 250 MPa. As one test is done with 345 MPa and 13 Million 
cycles, this method has a high security rate. 
Compared to the unwelded graph, there it is obvious, that both graphs split right after the 
beginning. But they cross again at around 10000 and then the tested curve is decreases less 
than the estimated one. But following the tide of both graphs they will have a infinite fatigue 
life at a stress around 300 MPa. 
1
10
100
1000
1E+00 1E+02 1E+04 1E+06 1E+08
estimated average
testing results
1
10
100
1000
1E+00 1E+02 1E+04 1E+06 1E+08
welded estimated
welded tested
Curve.  5: Corrected curve for unwelded samples 
Curve.  6: Corrected curve for welded samples 
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On the other hand using just a few samples, four unwelded and two welded, this is not 
representative. So this would be splendid, to make the final graph only out of this results. To 
arrive at the conclusion that is significant, connecting both data. 
  
Curve.  7: Final curves 
Now the final graphs are made. To mix the estimated and the testes of each material 
together the waves of the tests have to be balanced. As well a final conclusion of the infinite 
lifetime value has to be done. 
Out of this graphs it is possible to see, that there is not a big difference between the welded 
and the unwelded samples. They have quite similar fatigue properties. Their stress, which 
gives them an infinite fatigue life, is almost the same also the unwelded is always a big 
higher. 
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5. Conclusion 
In determining the result of this project as a whole, one must look closely at how the project 
aims have been fulfilled. The main aim was to obtain a fatigue curve for welded and 
unwelded duplex stainless steel. These graphs show the fatigue behavior of this material. In 
this case the theoretical works and the testing results have to be compared. 
The first part of the project was to get the estimated fatigue curves. In order to get these 
curves static strength tests were done to have a starting point. And then a questionnaire was 
followed to obtain two significant points of the graph. Thanks to this a sketch of the fatigue 
behavior of the duplex stainless steel could be made. These results are shown on page 31 
and 32. 
In the next step the experimental graphs have to be obtained out of the results of the tests. 
This information was given by six tensile fatigue tests. The results of the experiments give 
the specific number of cycles belonging to the specific load. The new fatigue curves show the 
general fatigue behavior of the samples. The results are shown on page 46. 
Finally the estimated and the experimental fatigue curves of the welded and the unwelded 
material were compared in order to get one general statement of the fatigue behavior of the 
duplex stainless steel. Therefore the average of the results is calculated. Out of these values 
it is possible to obtain the final graph. 
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6. Annexes 
6.1. Design of the samples 
In order to make the different tests, samples must have been turned. The reason is that the 
samples came from the Gudbrandsjuvet Bridge and they were in shape of cylinder. They 
have been turned following the ISO 1099*. This international standard is used for metallic 
materials to make fatigue testing in axial force-controlled method. It describes form, 
preparation and testing of test pieces. In the following table there is a summary with the 
main dimension. Also there is a drawing that makes it more understandable.  
 
Parameter Dimension 
Diameter of cylindrical gauge length d ≤ 3 mm 
Transition Radius (from parallel section to grip end) r  ≥ 2d 
External diameter (grip end) D ≥ 2d 
Length of reduced section Lc ≤ 8d 
Table.  6: Data from ISO 1099 
 
Pict. 18: Drawing used to turn the sample, from ISO 1099 
1*: To be sure that welded samples are mailed correctly the speed of mailing has to be slower than unwelded 
ones.  
2*: Fatigue tests on notched specimens are not covered by this international Standard since the shape and size 
of notched test pieces have not been standardized. However, fatigue-test procedures described in this 
standard may be applied to fatigue tests on notched specimens. This means that notches made in the samples 
have made following supervisor of the laboratory’s advices.  
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- Drawings of the samples 
The followings drawings have been used to make the samples. They have been made 
following the ISO 1099. 
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